Although many previous studies have confirmed that cold sprayed Al+xAl 2 O 3 (x=0-75vol.%) composite coatings on magnesium alloys can effectively improve wear and corrosion resistance, the effect of such coatings on tensile and fatigue properties is still unclear. The present work aims to evaluate the tensile properties and fatigue resistance of an AZ91D alloy with cold sprayed Al+xAl 2 O 3 (x=0, 30, 50vol.%) coatings. The experimental results showed that although the cold spray coating leads to an increase in yield strength and fatigue limit, the tensile strength is reduced. In-situ examination of the macro-morphology of surfaces of the coated specimens during tensile testing was carried out through video recording. It indicated that once the tensile specimens have yielded, horizontal cracks that were perpendicular to the tensile axis formed on the surface of the specimens. Fractographic analysis of the fracture surfaces of the tensile specimens in a scanning electron microscope revealed that all the cracks within the cold sprayed coatings were suspended at the coating/substrate interface. Based on these experimental observations, it is considered that the improved yield strength is attributed to the constraint effect of the cold sprayed composite coatings on the magnesium substrate. The enhanced fatigue limit is a result of the higher yield strength and the coating/substrate interface barrier to crack propagation. The decrease in tensile strength is attributed to the brittle fracture of the cold sprayed coatings when yielding of the specimens.
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Introduction
Magnesium alloys are the lightest metal available for engineering applications and show promise as a structural material in aerospace and automotive industries, because those sectors are seeking increased fuel efficiency through weight reduction. However, because of the low wear resistance and high chemical reactivity of Mg alloys, surface treatment is normally required for Mg alloy components in order to improve their surface durability. In comparison with the currently available surface treatment techniques for Mg alloys, such as micro-arc oxidation [1] , chemical conversion [2] , plating [3] and chemical vapour deposition [4] , cold spray [5] is a relatively new and environmentally friendly technology. It produces dense protective coatings with bonding strength higher than 80MPa. In the cold spray process, fine metal or ceramic powders (5-50m) are accelerated to a velocity of 500-1200m/s by compressed gas (generally nitrogen or helium) and then impacted onto a substrate, leading to severe plastic deformation at high strain rate (>10 6 /s) [6, 7] . This leads to fracture of oxidation layers on the surfaces of both the substrate and the particles. This enables contact of fresh metal and the formation of metallurgical bonds between the powder particles and the substrate, and between the particles themselves. Unlike conventional thermal spray, the coating deposited in the cold spray process is formed in the solid state at a lower temperature.
Thus, cold spray is mostly suitable for coating on oxygen-sensitive or thermo-sensitive substrates, including magnesium.
In the interest of minimising weight, the deposition of Al/Al 2 O 3 composite coatings on magnesium alloys has been recognised and the cold spray process has been well developed [8] [9] [10] . Incorporation of alumina not only significantly improves wear resistance, but also dramatically increases both the density of the coating, and the bond strength between the coating and the substrate, through the "hammering" effect [11] [12] [13] [14] [15] upon impact of the particles onto the substrate. In addition, Spencer, Luzin and Zhang [16, 17] have also measured the residual stress of various cold sprayed coatings on magnesium alloy substrates using neutron diffraction. They detected a compressive stress in cold sprayed Al coatings.
Such compression may positively affect the mechanical properties of magnesium alloy components. However, although considerable work has been done to develop high quality coatings with enhanced surface properties, the effect of cold sprayed coatings on the mechanical properties of magnesium alloy substrates is not well understood. This is
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particularly important in industrial applications, as tensile and fatigue properties are two critical parameters in engineering design. The present work aims to investigate the effect of cold sprayed Al/Al 2 O 3 composite coatings on the tensile and high-cycle three-point bending fatigue properties of AZ91D magnesium alloys and to elucidate the mechanisms.
Experimental
Materials and sample preparation
An as-cast AZ91D alloy was used as the substrate. Before cold spraying, the alloy was solution treated at 413 °C for 16 hours followed by ageing at 168 °C for 16 hours in an argon atmosphere. The nominal composition of the AZ91D alloy was Mg-9Al-0.6Zn-0.4Mn (wt.%).
Rectangular tensile testing specimens of AZ91D alloys with 30 mm gauge length, 6 mm gauge width and 5 mm thickness were machined in accordance with the ASTM-B557M-07
standard. Specimen surfaces were ground using SiC papers up to a grit of 600#. Then, 1.0 mm thick Al-xAl 2 O 3 (x=0, 30, 50vol.%) cold spray coatings were deposited on the two broad surfaces of the specimens. The coating surface was evenly ground down to achieve coating thickness of 0.5 mm. As a result, the total thickness of the specimens was 6 mm, including 0.5 mm thick coatings on both sides as shown in Fig. 1a . For comparison, tensile specimens of the aged AZ91D alloy with 6 mm thickness were also machined. In addition, rectangular billets of three coating materials (Al-xAl 2 O 3 , x=0, 30, 50vol.%) were produced using cold spray to identify the strength of the coatings themselves. The billets were cut into tensile specimens 20 mm in gauge length, 4 mm in gauge width and 3 mm in thickness. The broad surfaces of all tensile specimens were mechanically ground and polished. Tensile tests were conducted in accordance with the ASTM-B557M -07 standard. Values of tensile strength, yield strength, and elongation were calculated by averaging values measured from three specimens.
Three-point bending fatigue tests were conducted to investigate the effect of cold spray coating on the fatigue properties of AZ91D alloys. After a T6 heat treatment, the AZ91D alloy ingots were cut into 50  10  4 mm rectangular blocks. An approximately 1.5 mm thick Al-xAl 2 O 3 (x=30, 50vol.%) composite coating was deposited on one broad surface of the specimen. The coating was then mechanically ground and polished down to 1 mm thickness to obtain a total specimen thickness of 5 mm as shown in Fig.1b . For comparison,
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the fatigue properties of the blank AZ91D-T6 alloy were also measured. Fig.1b shows the schematic configuration of the fatigue test.
Prior to tensile and fatigue testing, the specimens were polished to a mirror-finish using a soft nap cloth and OP-S solution (Struers, a colloidal silica suspension with a PH of 9.8 and a grain size of ~0.04m). For the fatigue tests, the two side surfaces without coating were also polished in order to observe crack initiation and propagation during testing.
Cold spray process
The powders used for cold spraying were commercially pure spherical aluminium powder (0%, 30% and 50%), were used as feedstock. The mixtures were blended for half an hour in a Turbula shaker mixer (GlenMills, TURBULA® T2F) before being dried for 24 hours in a vacuum oven at 100 o C, to eliminate humidity prior to cold spraying.
Cold spraying was conducted in a Kinetic Metallization (KM) system (Inovati, Santa Barbara, CA, USA) using helium as the carrier gas. A convergent nozzle was used in Inovati KM system to accelerate the process gas to ~Mach 1. The driving pressure and temperature of the 
Mechanical property testing and microstructure characterization
Microhardness across the coating/substrate interface of the cross-sections was measured in a Struers DURAMIN 20 microhardness tester with a load of 50 g. The load selection is based on the size of the indentation generated. If the load is too high, the size of the indentation is too big and even over the range of measurement. If the load is too low, the indentation is too small to be accurately measured. The 50 g was used to
generate indentations with a proper diagonal size ranging from 30 to 40 m to characterise the cross-sectional hardness profile from the coatings to the substrate. The
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spacing between indentations was equal to at least five indent diagonals. Tensile tests were carried out using a 5584 Instron machine complying with the ASTM -B557M -07 standard, at a constant strain rate of 1 mm/min. A camera was placed at one side of the tensile specimen to monitor the change of the macro morphology of the coating surface during tensile testing.
High cycle fatigue experiments were conducted using a computer-controlled 8841 Instron servo-hydraulic fatigue testing system, in a three-point bending configuration. As shown in and width of the specimen were h = 5 mm and b = 10 mm, respectively. A cyclic compressive load with a frequency of 20 Hz was applied to the specimen at the middle of the span. The minimum stress and maximum stress were the wave peak load and wave valley load, respectively. A stress ratio was applied. The maximum tensile stress generated on the coating surface was calculated using the equation
, where P is the load applied to the top surface of the specimen by a cylindrical loading nose. The fatigue experiment was terminated once the specimen failed or 10 7 cycles were completed. Finally, the relevant S-N curve was plotted to determine the fatigue limit.
Microstructures of the coating and substrate, both before and after mechanical testing, were examined using both optical microscopy and a JEOL JSM-6464-LA Scanning Electron
Microscope (SEM). respectively used in the present study.
Results & Discussion
Microhardness
The microhardness profiles across the coating/substrate interface are plotted in Figure 3 .
The coating hardness increases with increasing Al 2 O 3 fraction, consistent with previous results [9] . Although the hardness profile of cold sprayed aluminium coatings has been investigated elsewhere [19] , more interestingly, a 10-20 µm thick hardened layer across the coating/substrate interface on both the substrate side and the coating side is observed in the present work at all Al 2 O 3 addition levels investigated. Generally, it is considered that the increased hardness at the substrate side is attributable to the work hardening effect resulting from particle impact on the surface of substrate, which is similar to the shot peening process [20] . However, the enhanced microhardness observed within the coating near the interface is possibly a result of the subsequent impact effect of the inflight particles on the previously formed coating. This phenomenon needs to be studied in more detail.
In order to investigate the deformation behaviour of coating and substrate, larger indentations were made both on the AZ91D substrate and at the AZ91D/Al+50vol.%Al 2 O 3 interface, as shown in Fig. 4 . On the side of the AZ91D substrate, indentation causes cracking within the
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brittle -phase (Mg 17 Al 12 ) along the shear bands formed in -Mg, as indicated by the arrows in Fig. 4 (a) . At the interface, displacement of the indentation across the interface was observed because of the different hardness of the coating and the substrate, as shown in Fig. 4 (b). However, delamination of the coating from the substrate was not observed. lower than that of the uncoated alloy, the coated alloys have higher yield strength whilst the elongation to failure remains unchanged. However, the Al coating leads to a concurrent decrease in both yield strength and tensile strength of AZ91D alloy.
Tensile properties
In the case of the freestanding samples, no noticeable plastic deformation was detected in the tensile test. This indicated that the cold sprayed materials (or the freestanding material) have negligible plasticity. Accordingly, the two composite coatings have a constraining effect on yielding of the AZ91D-T6 substrate because the tensile strength of the coatings is higher than that of the substrate, as shown in Table 1 . However, the aluminium coating does not constrain yielding of the substrate because of the lower tensile strength of the aluminium coating.
In order to understand the reduction in tensile strength of the samples with the composite coatings, the surface morphological changes on all coated specimens during tensile testing were monitored by video camera. Figure 5 shows the tensile stress-strain curves of the
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AZ91D alloys with and without coatings. No obvious necking for all samples is observable.
In comparison with the uncoated AZ91D, the stress-strain curves for the coated alloys show discontinuous yielding (the zigzagging zone), indicating the formation of micro-cracks in the coatings on tension. The surface morphology of the specimens are shown in Fig.6 at the onset of yielding (1), within the steady plastic deformation region (2), and just before fracture of the samples (3), respectively, as labelled in Fig.5 . As shown in Fig. 6(a) , pores can be observed on the surface of the uncoated AZ91D alloy at the state (1). This may be related to fracturing of the brittle  phase as observed in Fig. 4 (a) . At the ultimate tensile stress, the sample fractured without obvious necking. The fracture occurred at an oblique angle to the tensile axis. However, a different surface morphology was observed on the coated specimens, as shown in Figs. 6 (b), (c) and (d). At the onset of yielding, no cracks were observed.
Thereafter, transverse cracks began forming on the surface of the coating, and increased in size with increasing stress. When the stress exceeded the tensile strength of the coating, the coating fractures and could not sustain the applied load. It could also be observed that some aluminium coating chips spalled away from the specimen surface as shown in Fig. 6 (b) . The stress-strain curves in Fig.5 indicate that yielding of the AZ91D substrate was delayed due to the constraining effect of the higher strength Al-xAl 2 O 3 (x=30, 50%) composite coatings.
According to data in Table 1 , the coating, due to its negligible plasticity, should fracture once the stress reaches its tensile strength as measured with the freestanding specimens and cracks started forming on the surface of the coated tensile samples. Thus, the constraining effect of the composite coatings on the substrates started decreasing. Because the tensile strengths of the composite coatings are higher than the yield strength of the AZ91D-T6
substrate, but lower than its tensile strength, the cracks in the coating formed after yielding of the tensile samples, but before the ultimate stresses were reached. Hence, with increasing the
tensile stress after the tensile samples had yielded, more cracks formed within the coatings as shown at point (2) in Figs. 6 (b), (c) and (d). This led to the formation of zigzag sections on the stress-strain curves as shown in Fig.6 (e). The length of the zigzag section increases with increasing the volume fraction of alumina in the coating. This indicates that the alumina in the coatings can also act as a barrier to crack propagation, enhancing the constraint of the coating on the deformation of the substrate. When large number of cracks formed, the composite coatings completely lost their constraining effect on the substrate. Thus, the zigzag sections on the stress-strain curves disappeared. In the subsequent tensile testing process, only the substrates stood for the tensile stress. Therefore, the experimentally measured ultimate stress actually reflected the tensile strength of the substrate because at the ultimate points (the peak points on the stress-strain curves), the constraining effect of the composite coatings vanished. However, the tensile strength listed in Table 1 was still calculated using the original specimen cross-sectional area (6  6 = 36 mm 2 ), which is larger than the cross-sectional area of the substrate (6  5 = 30 mm 2 ). Hence, the measured tensile strength of the samples with composite coatings is lower than measured tensile strength of the substrate. .
In Table 1 , it is worth noting that both yield strength and tensile strength of the coated AZ91D-T6 increase with volume fraction of Al 2 O 3 in the coatings. This can be attributed to the strengthening of the composite coatings and the increased bonding strength between the coating and the substrate due to the addition of the hard Al 2 O 3 particles [9, 10] . Cold spraying with a pure Al coating reduces both the yield strength and tensile strength of the substrate. This is because of the low strength of the pure Al coating and weak bonding between the substrate and the coating. The Al coating did not provide a constraining effect on the tensile
behaviour of the substrate because it fractured prior to yielding of the substrate, due to its lower tensile strength.
In addition, another major concern is whether the cracks formed in the cold sprayed coatings propagate into the substrate, promoting early fracture. To answer this question, the crosssectional fracture morphology of the Al+30vol.%Al 2 O 3 coated AZ91D was examined, as shown in Fig.7 . The crack indicated by the arrow propagated into the coating but the propagation does not proceed across the substrate/coating interface where the substrate failure occurred. This confirms that cracks formed within the cold spray coating do not initiate the cracks that lead to failure of the substrate. The inhibiting effect of the interface on crack propagation is related to the surface work hardening of the substrate during cold spraying. During cold spraying, the high velocity metal and ceramic particles impact on the surface of substrate, leading to severe plastic deformation and work hardening of the substrate surface [21] [22] [23] . This increased hardness was achieved in the substrate near the substrate/coating interface as shown in Fig.3 .
Fractographs of the fracture surface of the three coated tensile samples is shown in Fig. 8 .
The pure Al and Al+30vol.%Al 2 O 3 coatings separated from the AZ91D substrates on fracture.
But the Al+50vol.%Al 2 O 3 coating remains bonded to the substrate. On the coating side of the interface, fracture occurs along the Al-Al and Al-Al 2 O 3 particle boundaries. Due to the inconsistent deformation between coating and substrate, the brittle coating either detaches from the substrate or forms internal cracks after yielding of the substrate.
high cycle fatigue
A C C E P T E D M A N U S C R I P T in the coatings leads to a higher fatigue limit. The improved fatigue limit after Al+xAl 2 O 3 (x=30, 50vol.%) composite coating is attributed to the higher yield strength and surface work hardening of the substrate as shown in Fig. 3 .
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Surface coatings produced by means of anodising and Keronite plasma electrolytic oxidation were reported to reduce the fatigue limit of magnesium alloys by approximate 10%, even though those coatings effectively protect the substrate from corrosion and wear [24] . It was also reported that the reduction in fatigue resistance resulted from the annealing treatment of the cold sprayed stainless steel coatings, which caused a release of internal stress [25] . In addition, it was observed that cold-sprayed Ti coating lead to a 15% reduction in fatigue life of a Ti6Al4V substrate [26] . Results of the present work conclude the opposite in regards to the fatigue limit after coating. Ziemian [27] and Ghelichi [28] , with their co-workers, found that the fatigue behaviour of coated alloys depends on the coating properties and the coating deposition parameters. Although the factors that are responsible for the increased fatigue limit after cold spray are unclear, it is believed that the higher yield strength, work hardening at interface and higher bonding strength of the Al/Al 2 O 3 composite coatings in the present work play a dominant role in increasing fatigue resistance. Since residual stress in the cold sprayed Al coating on Mg alloys is negligible [16, 17] , it is considered that the residual compressive stress within the cold sprayed coating has limited influence on fatigue properties of the Al/Al 2 O 3 coated AZ91D alloys.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
After fatigue testing, cracking behaviour was examined on cross-sectional samples as shown in Fig.10 . For the uncoated AZ91D-T6 sample, fatigue cracks were initiated in the brittle  phase and propagated outwards to the surface or inwards until fracture occurred. In the coated samples, although a larger number of cracks formed within the coating, they were suspended at the interface of the coating and substrate, consistent with the results from the fractographic analysis of the tensile samples.
Conclusions
(1) AZ91D-T6 alloys coated with a cold sprayed Al+xAl 2 O 3 (x=30, 50vol.%) composite showed enhanced yield strength compared with uncoated alloys. This is attributed to the constraint effect of the cold sprayed coating on the deformation of the substrate.
However, the coating also concurrently reduces the tensile strength. This is because after the specimens yield, large numbers of horizontal cracks form within the coating.
As a result, the coating cannot sustain any externally applied force, and the substrate then supports the load. However, the tensile strength was calculated using the original cross-sectional area of the tensile specimen, rather than the instantaneous area.
Thus, an artificially lower tensile strength measurement is obtained. 
